Broad-range PCR amplification of part of the 16S rRNA gene followed by single-strand sequencing was applied to samples of 18 resected heart valves from patients with infective endocarditis. The PCR results were compared with those of cultures of valves and with those of previous blood cultures. For two patients there was agreement with the cultures of the valves; for nine patients there was agreement with the previous blood cultures, which were positive, while the cultures of the valves were negative; a Streptococcus sp. and Tropheryma whippelii each were found in one patient with negative cultures (valve and blood); for two patients the cultures of the valves as well as the PCR results were negative but the blood cultures were positive; for one patient amplification was inhibited; and for two patients the PCR results were positive but the amplicons could not be sequenced. It is concluded that broad-range PCR is a promising tool for patients with culture-negative endocarditis and allows the detection of rare, noncultivable organisms.
The incidence of infective endocarditis (IE) has not changed in recent years, and IE remains a worldwide problem. Often IE is difficult to diagnose with certainty because of variations in the criteria used to define it (28, 31) . In 2.5 to 31% of all cases of IE, the blood cultures are negative despite the use of apparently appropriate laboratory techniques (28) . Even after surgery, cultures and microscopy may not reveal the causative organism in the infected valve. In such cases slow-growing or nonculturable microbes may be the etiologic agents, or the patient may have received antimicrobial treatment at the time the specimen was obtained (1, 17, 23, 28, 31) . To overcome these problems, culture-independent molecular techniques involving the use of broad-range DNA probes to detect and amplify bacterial DNA (6) and sequencing of the genes coding for 16S rRNA (5, 8) may help in establishing the etiology of the infection (36) .
We applied such a molecular approach directly to clinical specimens. After amplification of part of the 16S rRNA gene and direct sequencing of the amplicon, the sequence determined was compared to reference sequences, a procedure which often allows the identification of the causative agent (2, 13) . With a similar nonspecific molecular technique clinically relevant bacteria such as mycobacteria (4) , Bartonella henselae (24, 25, 33) , Ehrlichia chaffeensis (3), and Tropheryma whippelii (26, 35) , the uncultured agent of Whipple's disease, have been characterized.
In this paper, we report on the use of this technique in a routine setting to analyze 18 resected heart valves from patients with endocarditis. The molecular results are compared with bacteriologic findings from heart valves and previous blood cultures.
(This work was presented in part at the 25th Annual Meeting of the Austrian Society of Hygiene, Microbiology, and Preventive Medicine, 1996 [13a] .)
MATERIALS AND METHODS
Patients. From 1994 to 1996, 18 patients (16 males and 2 females; mean age, 53 years; range, 29 to 72 years) were studied (Table 1) . Ten patients suffered from IE of the aortic valve, three patients had IE of the mitral valve, and three patients had IE of the aortic and mitral valves. There were two patients with IE of a valve prosthesis (one with an aortic valve prosthesis and one with a mitral valve prosthesis). The criterion for each operation was progressive infection despite antibiotic treatment (n ϭ 9), manifestations of infectious embolism (n ϭ 7), or increasing heart failure (n ϭ 2). In nine patients the destroyed valve was replaced by a mechanical prosthesis and in two of the nine this was combined with a mitral valve reconstruction. One patient was treated with a mitral valve reconstruction alone. In one patient an additional pacemaker implantation was mandatory because of a postoperative type III aortic valve block. In five patients the aortic valve had to be replaced by a homograft, as the annulus itself had been destroyed by infection.
Bacterial cultures. Aerobic and anaerobic blood cultures (BacT/Alert; Organon Teknika, Turnhout, Belgium) were incubated at 37°C for at least 6 days. In the case of growth, aliquots were subcultured on Columbia agar (Difco, Detroit, Mich.) and on brucella agar (Becton Dickinson [BBL], Basel, Switzerland), both supplemented with 5% sheep blood. Incubation was carried out at 37°C for 48 h aerobically with 5% CO 2 and anaerobically, respectively.
The excised heart valves were processed under a laminar flow unit. Portions of the valve tissue were ground with a mortar and pestle and cultured on Columbia sheep blood agar (Difco), chocolate agar (GC II Agar Base with 1% hemoglobin and 1% IsoVitaleX; BBL), and brucella sheep blood agar (BBL). All plates were incubated for 2 to 3 days as described above. In addition, valve tissue that had not been ground was inoculated into brain heart infusion (Difco) and thioglycolate medium (BBL) without Indicator 135C and incubated for 10 days. A direct Gram stain was also performed. Isolated colonies were identified according to standard procedures (22) .
Extraction of DNA. The DNA of the bacterial isolates was extracted as follows. About 10 colonies from a sheep blood agar plate were suspended in 0.5 ml of pyrogen-free water and centrifuged. The pellet was then resuspended in 0.2 ml of 1ϫ digestion buffer (50 mM Tris-HCl [pH 8.5], 1 mM EDTA, 0.5% sodium dodecyl sulfate, 0.2 mg of proteinase K per ml) and further processed as previously described (12, 13) .
DNA was extracted from the tissues as previously described (10, 11) . Broad-spectrum amplification, hybridization, and sequencing. For each specimen, two amounts of crude DNA extract (2 and 0.2 l) were directly amplified in parallel without further purification exactly as described previously (12, 13) . The three broad-range bacterial oligonucleotides used as PCR primers, the probe, and the sequencing primer are listed in Table 2 . Briefly, part of the 16S rRNA gene (corresponding to positions 8 to 806 of the Escherichia coli 16S rRNA gene [37] ) was amplified for 40 cycles with primers BAK11w and PC3mod, with dUTP (instead of dTTP) and uracil-N-glycosylase to prevent carryover contamination from previous amplifications, as previously described (13) . The amplicons were separated by agarose gel electrophoresis, stained with ethidium bromide, and visualized under UV light. The amplicons were then Southern blotted and hybridized with digoxigenin-labeled oligonucleotide BAK533r. The amplicons selected for sequence analysis were reamplified with primer BAK11w and 5Ј-biotinylated BAK533r (Table 2) , resulting in a fragment of about 525 bp corresponding to positions 8 to 533 of the E. coli genome. Direct single-strand sequencing was done with 5Ј-fluorescence-labeled primer BAK11w (Table 2) and an Autoload solid-phase sequencing kit (Pharmacia Biotech), followed by analysis of the fragments on an ALF automatic DNA sequencer (Pharmacia Biotech). For database searches, only reliable sequence information as interpreted by the ALF software was used.
As a positive control, the DNA of an E. coli isolate was used, whereas the negative controls consisted of digestion buffer (without added tissue DNA) and pyrogen-free water.
To determine whether the heart valves contained bacterial DNA, the hybridization signals from the specimens were compared to the signals from the negative controls. Specimens with signals stronger than those of the negative controls were considered positive; specimens with signals that were equivalent or weaker were considered negative. Inhibition of amplification was determined by a parallel amplification of each specimen spiked with E. coli DNA in an amount yielding a weak signal on agarose gels.
Data analysis. By means of the Genetics Computer Group software package (Madison, Wis.) (22) , the partial sequences were compared and aligned with bacterial 16S rRNA gene sequences deposited in the GenBank and EMBL databases. With the FASTA algorithm the reference sequences most closely related to our sequences were found. In determining the sequence similarity, unspecified nucleotides ("N") in the reference sequences were counted as matches. Sequence alignment was performed with the PILEUP algorithm with the E. coli sequence (accession no. J01859) as a reference sequence, which allows determination of the base positions from the numbering already established for the E. coli 16S rRNA gene (37) .
For identification to the species or genus level the criteria given in Table 3 were used.
PCR for T. whippelii. Specific PCR amplification of T. whippelii DNA was performed as previously described (2, 27) . Hybridization was performed with digoxigenin-labeled oligonucleotide TW-4. The primers and probe are listed in Table 2 .
RESULTS
The microscopy, culture, and PCR results for all 18 patients are listed in Tables 1 and 4 . Prior to surgery, the blood cultures for 14 of the 18 patients were positive, whereas for 4 (22%) no Of the 18 removed valves, 8 were positive by microscopy and 9 were negative; for 1 direct Gram staining was not performed. The cultures of the valves were positive in only four cases, and in those S. sanguis, Propionibacterium acnes, S. aureus, and gram-positive cocci which could not be subcultured for identification were present. In one of these cases the culture of the valve was positive (for P. acnes) despite negative blood cultures (patient 5). For 9 of the 18 patients the microbiological findings for the valves confirmed the blood culture results (Table  1) .
For 15 of the 18 patients bacterial DNA was found in the removed heart valves by broad-spectrum PCR; in two cases no bacterial DNA was detectable and in one case PCR amplification was inhibited. Unambiguous species identifications were possible in four cases (Streptococcus gordonii, S. mitis, T. whippelii, and A. adiacens were identified), whereas correct identifications with species propositions were assumed in six cases. In one case an identification to the genus level but without a species proposition was achieved, and in another case only the proposition of two genera was possible. Further, in one case differentiation between three species belonging to three different genera (Mycobacterium chitae, P. acnes, and Fusobacterium prausnitzii) was not possible, and in two cases the sequencing failed. The diagnosis of IE caused by T. whippelii in patient 11 by broad-range amplification and sequencing was confirmed by a species-specific PCR assay for T. whippelii with DNA isolated from the valve as well as from intestinal biopsy samples, both of which resulted in strong amplification signals on the agarose gel which were confirmed by hybridization with an internal oligonucleotide (14) .
The 13 partial 16S rRNA gene sequences derived directly from DNA from the valves had a mean length of 319 bp (range, 217 to 487 bp).
DISCUSSION
The isolation and identification of the bacteria causing IE are usually straightforward, though sometimes laborious; however, in 2.5 to 31% of cases, depending on the study, the etiologic agent remains unidentified (28) . By means of cultureindependent, broad-range amplification methods, a number of fastidious, endocarditis-causing pathogens such as those in the HACEK group (Haemophilus spp., Actinobacillus actinomycetemcomitans, Cardiobacterium hominis, Eikenella corrodeus, and Kingella kingae), Coxiella burnetii, Legionella pneumophila, Chlamydia, Mycoplasma, Brucella, Bartonella, Ehrlichia, and T. whippelii might be detected in a single assay (3, 15, 21, 23, 24, 28, 31) . In 1993, Hadfield et al. (15) , who used an approach similar to that described in this study, reported the first case of endocarditis caused by B. henselae. The identification by broad-range PCR amplification and partial sequencing of the 16S rRNA gene (176 bp) directly from the vegetations was confirmed by characteristic histologic findings with positive Warthin-Starry silver stains. Jalava et al. (18) used this technique to detect Bartonella quintana in the aortic valve of a patient with culture-negative IE. The molecular result, including the sequencing of almost the complete molecule, was supported by a greatly elevated level of specific antibodies against Bartonella. In a study of Haemophilus parainfluenzae endocarditis, a partial 16S rRNA gene sequence of 410 bp was used for identification of a blood culture isolate that could not be identified by traditional methods (16) .
Most of the above-mentioned studies included the cloning of amplified DNA in a suitable sequencing vector. We have previously simplified this promising molecular method for diagnostic purposes to include adequate measures to prevent carryover contamination (e.g., substituting dUTP for dTTP and adding uracil-N-glycosylase) that are compatible with direct sequencing (13) . In this study, 18 heart valves were screened and the molecular results were compared to the results obtained by microscopy and culture of the surgically removed valves as well as by simultaneous and/or previous blood culture. The bacteriologic findings for 16 isolates-7 alpha-hemolytic streptococci, 1 beta-hemolytic streptococcus, 1 A. adiacens strain, 1 E. faecalis strain, 1 P. acnes strain, and 5 staphylococci were found-demonstrated the presence of common pathogens causing IE (28) . Antibiotic therapy prior to surgery could explain the low incidence of positive cultures of the valves. For one patient with negative blood cultures the etiologic agent (P. acnes) was cultured from the valve. Broad-range amplification followed by partial sequencing, with results interpreted according to our arbitrary criteria (Table 3), allowed identification to the species level for four specimens, whereas genus identification was possible in seven cases. More-ambiguous results were obtained for the remaining specimens, including two in which no bacterial DNA was detectable and two for which sequencing was not successful. In one case amplification was inhibited for unknown reasons.
The organism in the aortic valve of patient 11 was identified as T. whippelii on the basis of its 99.7% DNA homology to the T. whippelii reference sequence of Relman et al. (26) in a 383-bp fragment. The 1-bp difference (three instead of two Cs around position 90) may be due to an amplification or sequencing error, to true differences between strains, or to differences between multiple rRNA cistrons within a given strain (9, 32) . The broad-range-amplification result was confirmed by a specific PCR assay for T. whippelii which amplifies a different part of the 16S rRNA gene (2) . It is unfortunate that no histologic analysis of the aortic valve was performed, for this could have revealed characteristic periodic acid-Schiff stain-positive inclusions in macrophages or microorganisms (7) . However, the diagnosis of Whipple's disease was confirmed by a positive PCR result for bowel biopsy samples and by the fact that propagation of the organism was achieved in deactivated macrophages (29) . In addition, this result confirms our interpretation of the single blood culture with S. epidermidis as due to contamination. The finding of T. whippelii DNA in the aortic valve of a patient with IE has been described previously (34) and greatly influences the choice and duration of antibiotic therapy.
Identification to the species level was also achieved for the valve from patient 16. A. adiacens DNA was found in the heart valve and was confirmed by the partial sequence of the blood culture isolate (Table 1) . A. adiacens is a nutritionally variant organism previously considered to belong to the genus Streptococcus but recently classified in a new genus, Abiotrophia, on the basis of phylogenetic and phenotypic 16S rRNA studies (20) . The fact that this organism is not closely related to any other bacterial species for which the 16S rRNA gene sequence has been determined accounts for the easy identification to the species level in our analysis. This is in contrast to results for patient 5, who had a positive valve culture of P. acnes; the molecular method was not able to sufficiently discriminate among three species within the 16S rRNA gene region analyzed. Alignment of the three complete 16S rRNA gene reference sequences M29560 (M. chitae), M58682 (F. prausnitzii), and M61903 (P. acnes) revealed similarities of Ͼ99%. This result illustrates that 16S rRNA gene sequence analysis cannot be the sole technique used for species identification (30) . However, when results of sequence analysis were taken into account along with epidemiological considerations (M. chitae has not been identified as a human pathogen yet) and microscopy results (fusobacteria are gram-negative organisms), a clinically useful interpretation which was consistent with the culture resulted.
The diagnostic application of our broad-range amplificationsequencing method requires adequate databases with goodquality, full-length sequences of clinically important bacteria to allow genus or species identification of bacterial pathogens, either directly from clinical specimens or from cultures. During this study we realized that the reference sequences in the GenBank and EMBL databases often represent only partial sequences and that the sequences may contain many undetermined nucleotides ("N"). In such cases, the sequence analysis is hampered, despite reliable sequences from the clinical material. For patient 3, for example, the FASTA algorithm listed S. mitis (sequence D38482) as the best match, with a similarity of 97.7% and an overlap of 346 bp. The partial S. pneumoniae sequence X38312, with an overlapping region of only 318 bp, showed a similarity of 95.9%. It contained, however, 12 undetermined nucleotides, which are considered mismatches by the FASTA algorithm. If these 12 Ns are counted as matches, the similarity between the patient's sequence and X38312 goes up to 97.7%. Even without manual correction, which yields more accurate results, there was no doubt that the sequence determined belongs to a species in the genus Streptococcus. How the availability of particular sequences can affect the interpretation of the results was experienced with patient 4. The first sequence analysis was done on 7 September 1995, with X53653 determined to be the best-related sequence (S. sanguis, 91.6% identity). In February 1996 the database search was repeated. The best match (99.7% identity) now was sequence D38483 (S. gordonii), which had been entered into the database on 10 September 1995. S. gordonii belongs to the S. sanguis group (19) and cannot be separated easily by conventional biochemical tests from S. sanguis (Table 1 ) (21) . This new match allowed a more accurate interpretation of the results; however, it did not significantly change the clinical implications.
In the two cases with a positive amplification in which sequencing failed, a mixture of two or more sequences may have caused the problems. This was possibly due to a polymicrobial infection (patient 10 [ Table 1 ]), to contaminating DNA from reagents, or to contaminating bacteria in the specimen. A mixture of sequences can be identified from sequencing chromatograms with two or more peaks, representing PCR fragments of different lengths, at the end of the electrophoresis run (which was the case for these two specimens). In three other cases, valve specimens as well as their corresponding isolates were analyzed by partial sequencing and compared by using the PILEUP algorithm. The very high similarities for each pair (Ն99%) strongly indicate that the method used produces reliable results for patients with IE.
In conclusion, broad-range PCR amplification followed by direct sequencing is a relatively easy and reliable method that gives accurate results when applied to surgically removed heart valves of patients with IE and may be used for such patients as an adjunct if cultural methods fail. Possible pitfalls, such as the presence of bacterial DNA in reagents resulting in low-level background signals in negative controls, did not interfere with the method, probably due to the relatively large numbers of bacteria present in the vegetations analyzed. However, it remains to be determined whether this technique can also successfully be applied in earlier stages of the disease, e.g., with blood mononuclear cells or serum if the blood cultures remain negative. That type of analysis would be much more clinically relevant, but the low concentration of bacteria in bacteremic patients and the difficulties of blood sample preparations might be much more of a problem. This question is currently being investigated in a prospective study.
